Improvements in the analysis of lipid-bound phosphates resulted in a simplified and sensitive method for determining microbial biomass in sediments. Sensitivity was enhanced over previous methods by use of a dye, malachite green, which when complexed with phosphomolybdate at low pH has a high extinction coefficient (at 610 nm). The use of a persulfate oxidation technique to liberate phosphate from lipids increased the simplicity and safety of the method relative to the traditional perchloric acid digestions. The modified method was both accurate (yielding quantitative recoveries of cells added to sediments) and precise (coefficient of variation of less than 5% for cells and sediments). A comparison with an epifluorescence technique indicated that the analysis of lipid-bound phosphate was more rapid and less tedious and could be successfully applied to a wider variety of sediment types. An estimate of the lipid-bound phosphate-to-carbon conversion factor based on a diverse enrichment culture from sediments suggested that previous factors for pure cultures may have been too low.
Several different research groups have documented the dynamic nature of benthic microbial biomass (12, 13, 29, 34) and have shown that biomass can account for a significant fraction of sedimentary organic matter (1, 20, 31) . In addition, other studies have shown that microbial biomass is an important component of the total living benthic biomass (16, 19, 25) and that microbial biosynthesis can account for a significant fraction of total carbon flow (15) . These observations suggest that the accurate measurement of biomass is a critical factor for understanding the trophic interactions of bacteria. The extent to which bacteria mineralize organic matter as opposed to synthesizing biomass is important for determining the role of bacteria as a food source of meio-and macrofauna and for understanding the kinetics of detritus mineralization. Similar issues and questions regarding the water column have been the subject of earlier controversy and debate (18, 23) .
To date, the primary methods for measuring bacterial biomass in sediments have been similar to those used for the water column: epifluorescence microscopy (EFM) or a limited number of techniques based on the biochemical components of cells. The former has been criticized because of problems with quantitative or uncertain recoveries of attached bacteria from particles (3, 35) , because of limitations on accurately measuring biovolumes (4, 8) , and because of uncertainties in the factors used to convert either cell numbers or biovolumes to biomass (4, 8, 17, 28, 33) . The various biochemical methods (e.g., ATP or total adenylates, muramic acid, phospholipid phosphate, etc.) also suffer from uncertainties in conversion factors. In addition, these methods can be technically cumbersome and time-consuming and in some cases can require relatively expensive instrumentation.
As a result of our own needs for a more convenient and reliable assay for biomass, we modified a biochemical technique and compared this method with EFM. We have significantly streamlined the extraction, digestion, and colorimetric procedures for measuring lipid-bound phosphates. These modifications have resulted in a method that is easier to use and potentially accessible to a wide variety of investigators. This method provided greater sample throughput than the microscopic technique and yielded more quantitative recoveries with an internal standard. In addition, biomass could be more accurately estimated by lipid-bound phosphates in a variety of sediments that were not amenable to analysis by microscopy.
MATERIALS AND METHODS
Sediments. Sediments for lipid-bound phosphate and microscopic analyses were collected from several sites. Intertidal sediments were collected by hand coring a mudflat in the lower intertidal zone of Lowes Cove, Walpole, Maine (for a description of the sediments, see reference 2), by using 10-cm (inner diameter) polycarbonate corers. Cores were returned to the laboratory for further processing. Subtidal sediments were collected with a Smith-Maclntyre grab at approximately 30 m of water depth in the outer Sheepscot Bay off Seguin Island, Maine. Two sediment types were collected at this site; the first was a well-sorted sand, and the second was a bimodal sediment composed of a mixture of fine gravel and silts. Subtidal sediments were fixed on board ship in Formalin (for microscopy) or chloroform-methanol (for lipid analysis) and returned to the laboratory for further processing.
Phospholipid analysis. Lipids were recovered from all samples by chloroform-methanol extraction (6, (42) (43) (44) . Briefly, chloroform, methanol, and phosphate buffer (50 mM, pH 7.4) were added to samples in separatory funnels in a ratio of 1:2:0.8 such that the volume of chloroform in milliliters was 7 or more times the fresh weight of sediment in grams (or 50 mg [fresh weight] of cells; see below). The extraction mixture was allowed to stand for 2 to 24 h. The lipid-containing solvent (chloroform) was partitioned from the other solvents by the addition of chloroform and water such that the final ratio of chloroform-methanol-buffer was 1:1:0.9. The extraction mixture, now separated into lipid (lower) and aqueous (upper) phases, was allowed to stand for 24 h. The chloroform was filtered through Whatman 2V filter paper and recovered in a round-bottom flask, and the solvent was removed in vacuo. Some sediments retained significant but variable amounts of chloroform, introducing a source of error into the procedure. This source of variation was minimized by measuring the amount of chloroform recovered in a graduated cylinder and then quantitatively transferring the solvent to the round-bottom flask. If dry weights of sediment were desired, the filters were tarred and the sediment was recovered after removal of the chloroform. The lipid was transferred in chloroform to a screw-cap test tube, and the solvent was removed under a stream of nitrogen. The lipids were stored at -20°C in fresh chloroform at this point with no losses.
An alternative extraction procedure utilizing 50-ml screwcap test tubes was compared with the procedure above. This alternative was based on the addition of 2-ml samples of a sediment slurry into test tubes and the addition of 28.5 ml of extraction mixture (as described above). The test tubes were shaken and allowed to stand for 2 h. Solvents were partitioned by adding 7.5 ml of chloroform and 7.5 ml of water. The tubes were shaken, centrifuged at low speed for 10 min, and allowed to stand overnight. To facilitate recovery of the chloroform, the aqueous (upper) phase was aspirated from the test tubes. A subsample of chloroform (10 of the 15 ml was convenient) was filtered as described above and collected in screw-cap test tubes. The chloroform was removed under a stream of nitrogen. Total lipid-bound phosphate was determined as described below. Four samples from the same sediment slurry were extracted in separatory funnels as described above for use as controls.
Phosphate was liberated from lipids recovered by either extraction method by potassium persulfate digestion (26, 38) . The lipid samples were diluted in chloroform (usually 2 to 3 ml) such that a 100-,ul subsample would contain between 1 and 20 nmol of phosphate. Two replicate 100-,ul portions per sample were each placed in a 2-ml glass ampoule (Wheaton Scientific), and the solvent was removed under a stream of nitrogen. A saturated solution of potassium persulfate (0.45 ml; 5 g added to 100 ml of 0.36 N H2SO4) was added, and the ampoules were heat sealed and incubated at 95°C overnight.
The effectiveness of the persulfate liberation of lipidbound phosphate was evaluated with three experiments. First, the release of phosphate from 10 nmol of glycerol phosphate and phosphatidylethanolamine was estimated relative to 10 nmol of Pi. Second, 5 nmol of phosphatidylethanolamine was added to an environmental lipid extract to determine recovery efficiencies of lipid in a natural sample matrix. Finally, increasing amounts of an environmental lipid extract were digested in a persulfate solution to determine the linearity of phosphate liberation over a range of lipid concentrations.
Pi released by digestion was determined by the method of Van Veldhoven and Mannaerts (39) . A solution of 0.1 ml of ammonium molybdate [2.5% (NH4)6Mo7024 .4H20 in 5.72
N H2SO4] was added to the ampoules, and the mixture was allowed to stand for 10 min. A solution of malachite green and polyvinyl alcohol in water (0.45 ml; 0.111% polyvinyl alcohol dissolved in water at 80°C was allowed to cool, and 0.011% malachite green was added) was added and allowed to stand for 30 min. The A610 was then read (LKB Ultrospec 4050; LKB Biochrom Ltd.; zero set with a cuvette filled with deionized water), and concentrations of phosphate were calculated by using the regression line from a standard curve prepared by digesting glycerol phosphate as described above.
EFM. Samples of sediment for epifluorescence bacterial enumeration were preserved in 10% Formalin and stored for no more than 2 weeks. The preserved sample was placed into a beaker and brought up to 100 ml with filtered (0.02-pum pore size) seawater and stirred for about 3 min; then a 3-ml subsample of this suspension was removed to a 15-ml disposable screw-cap centrifuge tube. The remaining 97 ml of sample was dried at 60°C for 24 h after removal of the seawater by centrifugation and three washes with fresh water. The dried sediment was weighed to determine the grams (dry weight) of sediment analyzed. Three milliliters of filtered seawater was added to the 3-ml subsample, and the mixture was vigorously stirred in a blender by the method of Montagna (30) . Under low light, 0. development for Pi (Table 1 ) and by recoveries of a variety of standards and samples. Without digestion, glycerol phosphate and phosphatidylethanolamine gave little to no response, whereas after digestion, both gave equimolar responses relative to Pi. Phosphatidylethanolamine was also quantitatively recovered in the presence of lipid extracted from marine sediments ( Table 2 ). In addition, color development was proportional to the amount of environmental lipid subjected to persulfate digestion (Fig. 1) . These results suggested that a variety of organophosphates could be recovered quantitatively in a complex matrix and at concentrations typical of organic-rich marine sediments. Earlier lipid digestions were also quantitative but used perchloric acid as an oxidant (44) . Although effective, perchloric acid presents safety hazards and requires the use of a stainless steel fume hood. In this regard, persulfate is to be recommended, since it can be used safely with standard laboratory apparatus. Waste problems are also minimal, since the final solution is dilute sulfuric acid.
The analysis of lipid-bound phosphates in sediments can also be facilitated by eliminating the need for separatory funnels, round-bottom flasks, and removal of the lipid solvent in a rotary evaporator. In this study, extraction of sediment has proven equally efficient when conducted in either separatory funnels or 50-ml test tubes (Table 3) . Depending on the volume of sediment extracted, smaller tubes can also be used. Test tubes provide several advantages: lower costs, ease of handling, fewer liquid transfers, and increased sample numbers. The use of convenient and economical glassware, an improved lipid digestion, and a more sensitive method of phosphate detection should avail to a wider group of investigators the use of phospholipids as a measure of microbial biomass. Additional advantages of the phospholipid analysis for biomass are its relative accuracy and precision. Recovery of lipid-bound phosphate from cells added to marine sediments was quantitative (Table 4) , and replicate analyses of both sediments and cells were highly reproducible, with coefficients of variation of 3.4 and 4.2%, respectively. The coefficient of variation for the sediment-cell mixture was somewhat higher (11.9%), possibly due to incomplete mixing. In contrast, recovery of added cells by EFM was only about 75%. Although the reproducibility of the EFM method was acceptable for the enrichment culture (coefficient of variation, 9.8%), replicate analyses of sediment were quite variable, with a coefficient of variation of 64%. This comparison is even more striking if one considers that the added cells had distinct, easily recognizable morphologies and were not likely bound in biofilms to the sediment grains. Thus it is likely that the recoveries for the EFM method are upper limits.
Inaccuracies in the EFM method have been reported by others. The problems have been attributed by some (7, 40) to incomplete removal of bacteria from sediment. Schallenberg et al. (35) emphasized problems with masking which resulted in estimates of cell numbers that may have been low by a factor of 2 to 10. Bott and Kaplan (7) and Balkwill et al. (5) have also reported lower estimates of biomass from 4,6-diamidino-2-phenylindole and acridine orange, respectively, relative to estimates from phospholipids. Bott and Kaplan (7) attributed the differences to detrital or nonliving phospholipids. However, this explanation is inconsistent with the reported rapid turnover of phospholipids in sediments (41, 44) . Although part of the discrepancy may be an artifact of incorrect biomass conversion factors for both biovolume and phospholipids, it is likely that a real discrepancy does exist due to limitations of the EFM method. Since underestimates of even a factor of 2 have substantial ramifications for interpreting the dynamics of microbial biomass, a resolution of the discrepancies between biochemical versus EFM methods is imperative.
Schallenberg et al. (35) In conclusion, the analysis of phospholipids has been modified to provide a relatively simple and convenient 
